Changes in [Ca 2ϩ ] c , 1 central to the functioning of biological systems, regulate numerous signaling pathways. The diverse roles of the ion are made possible by the complex temporal and spatial patterns of the Ca 2ϩ signal (1) (2) (3) . In smooth muscle, multiple Ca 2ϩ entry and release processes exist (4, 5) . Sarcolemma depolarization opens voltage-gated Ca 2ϩ channels to generate either transient or maintained increases in [Ca 2ϩ ] c (e.g. Ref. 6 ), whereas sarcolemma acting agonists, which generate InsP 3 , evoke complex spatial Ca 2ϩ signaling patterns (7) . InsP 3 -sensitive Ca 2ϩ release occurs at discrete sites on the sarcoplasmic reticulum (SR). These sites consist of a few tens of receptors, from which periodic local increases in [Ca 2ϩ ] c , termed Ca 2ϩ "puffs," are generated. These puffs are the elementary components of the global cellular Ca 2ϩ response to InsP 3 (8, 9) . Under certain, as yet unspecified, conditions, Ca 2ϩ puffs interact with one another and coalesce so that the cytoplasm becomes excitable and generates repetitive Ca 2ϩ transients called "oscillations." These oscillations, in turn, may propagate as traveling spatial Ca 2ϩ gradients (Ca 2ϩ waves), at frequencies related to the agonist concentration, to spread information between and within cells (9 -13) . Ca 2ϩ waves have been widely observed in many cell types, but the mechanisms underlying their propagation remain unclear. Several proposals have been made of which two have been prominent; both involve those receptors on the SR that govern Ca 2ϩ release, i.e. ryanodine receptors (RyR) and InsP 3 receptors. The first proposal (14 -17) implicated mainly RyR as the major channel for the generation of the upstroke of Ca 2ϩ waves. Following InsP 3 -generating agonist activity at the sarcolemma, InsP 3 acts as a primer to mediate Ca 2ϩ release at InsP 3 receptors. The Ca 2ϩ released then initiates Ca 2ϩ induced Ca 2ϩ release (CICR) at RyR. Thereafter, the wave proceeds independently of InsP 3 by CICR acting at RyR.
The second proposed mechanism of Ca 2ϩ wave progression relies exclusively on Ca 2ϩ -dependent feedback processes at the InsP 3 receptor (18, 19) . After a priming release of Ca 2ϩ by InsP 3 , the InsP 3 receptor may also serve as a site for CICR being opened by released Ca 2ϩ in a positive feedback process (9, 20 -24) . In this proposal the rapid upstroke of the Ca 2ϩ wave (the leading edge) is mediated by Ca 2ϩ acting in a positive feedback manner on InsP 3 receptors, with each Ca 2ϩ release event activating the next adjacent InsP 3 receptor(s) to maintain progression (9) .
Following the upstroke, Ca 2ϩ release is reduced, even though the stimulus, InsP 3 , presumably persists. This reduction, manifested as a decline in [Ca 2ϩ ] c , accounts for the back of the wave and occurs while the wave front progresses. Why then does release stop? Clues as to how this may occur have been derived from consideration of the structural organization of the SR. In one set of proposals the SR may be compartmentalized, comprising a series of separate but related subunits, its lumen discontinuous (25) (26) (27) (28) (29 -38) .
The diversity of explanations for both the rise in [Ca 2ϩ ] c at the front of the wave and its decline at the back, makes it difficult to unravel the role of the InsP 3 receptors per se, their Ca 2ϩ requirement, and their interaction with RyR in wave generation and hence in signaling pathways. Much of our current understanding of the Ca 2ϩ release process in wave generation has been inferred either indirectly from pharmacological approaches, where poor drug specificity could have led to ambiguous results, or from studies using broken cell systems in which the spatial organization of Ca 2ϩ signals may have been disrupted. The method of localized photolysis of caged compounds that is presently used has enabled rapid and reproducible increases in InsP 3 and Ca 2ϩ in subcellular compartments to be made and has permitted a more direct evaluation of the role of InsP 3 receptors in Ca 2ϩ wave generation in intact smooth muscle cells. This study has shown that Ca 2ϩ waves progress by sequential release of Ca 2ϩ from the InsP 3 receptor triggered by Ca 2ϩ itself and that RyR do not play a significant role in this process. The InsP 3 -sensitive SR store is not composed of a series of separate subunits but appears to be functionally compartmentalized in that InsP 3 -mediated release of Ca 2ϩ from one region of the SR renders that region, but only that region, refractory to InsP 3 . In neighboring regions not previously exposed to InsP 3 , the phosphoinositide remains effective in releasing Ca 2ϩ . The functional compartmentalization arises from localized feedback deactivation of the InsP 3 receptor and accounts for the back of the wave. The feedback deactivation occurs from a persistent [Ca 2ϩ ] c -dependent process on the InsP 3 receptors, which makes them refractory and incapable of further Ca 2ϩ release. In contrast to the complexity of the signaling pattern generated by agonists, depolarization produced a uniform increase in Ca 2ϩ throughout the cytoplasm.
EXPERIMENTAL PROCEDURES
From male guinea pigs (500 -700 g), humanely killed by cervical dislocation followed by immediate exsanguination in accordance with the guidelines of the Animal (Scientific Procedures) Act UK 1986, a segment of intact distal colon (ϳ5 cm) was transferred to an oxygenated (95% O 2 , 5% CO 2 ) physiological saline solution of the following composition (mM): NaCl 118.4, NaHCO 3 25, KCl 4.7, NaH 2 PO 4 1.13, MgCl 2 1.3, CaCl 2 2.7, and glucose 11 (pH 7.4). From this tissue, following removal of the mucosa, single smooth muscle cells were enzymatically dissociated (39) . All experiments were carried out at room temperature (20 Ϯ 2°C).
Electrophysiology-Membrane currents were measured using conventional tight seal whole-cell recording methods. Imaging-Cells were loaded with Fluo-3 AM (10 M) and wortmannin (10 M; to prevent contraction) for at least 30 min prior to the beginning of the experiment. Qualitatively identical results were obtained in the absence of wortmannin. Two-dimensional [Ca 2ϩ ] c images were obtained using a wide-field digital imaging system. Single cells were illuminated at 488 nm (bandpass 14 nm) from a monochromator (Polychrome IV, TILL Photonics, Martinsried, Germany) and imaged through an oil immersion objective (ϫ40 UV 1.3 NA; Nikon UK, Surrey, UK). Excitation light was passed via a fiber optic guide through a 485 bandpass filter (bandpass, 15 nm) and a field stop diaphragm and reflected off of a 505-nm long-pass dichroic mirror. Emitted light was guided through a 535-nm barrier filter (bandpass, 45 nm) to an intensified, cooled, frame transfer CCD camera (Pentamax Gen IV, Roper Scientific, Trenton, NJ) operating in "virtual chip" mode with WinView32 (Roper Scientific). Full-frame images (150 ϫ 150 pixels) with a pixel size of 563 nm at the cell were acquired at 100 frames/s unless otherwise indicated. The Ca 2ϩ imaging data was recorded on a personal computer. The electrophysiological measurements and imaging data were synchronized by recording, on pClamp, a transistor-transistor logic (TTL) output from the CCD camera, which reported its readout status together with the electrophysiological information.
Localized Flash Photolysis-The output of a xenon flash lamp (Rapp Optoelecktronic, Hamburg, Germany), used to uncage InsP 3 , was passed though a UG-5 filter to select ultraviolet light, and merged into the excitation light path via a fiber optic bundle and long-pass dichroic mirror at the lens part of the epi-illumination attachment of the microscope. The fiber optic diameter together with the lens magnification determined the area (spot size, ϳ10 m) of InsP 3 photolysis.
Data Analysis-Images were analyzed using the program Metamorph 5.1 (Universal Imaging, Downingtown PA). Drugs and Chemicals-Drugs were applied by either pressure ejection or addition to the extracellular solution as stated in the text. Concentrations in the text refer to the salts where appropriate. Fluo-3 AM ester and tetramethylrhodamine ethyl ester perchlorate were purchased from Molecular Probes, Inc. (Cambridge Bioscience, Cambridge, UK) and caged Ins(1,4,5)P 3 -trisodium salt and Fluo-3 pentaammonium salt from Calbiochem-Novabiochem. All other reagents were obtained from Sigma. [Ca 2ϩ ] c Changes-Depolarization (Ϫ70 to ϩ10 mV) activated membrane currents and increased [Ca 2ϩ ] c uniformly and simultaneously throughout the cell (Fig. 1) . Thus the time course of the rise, the peak amplitude, and the rate of recovery of [Ca 2ϩ ] c to base-line values after the end of depolarization did not differ significantly in different regions of the cell (n ϭ 6). The depolarization-evoked rise in [Ca 2ϩ ] c occurred by Ca 2ϩ entry via voltage-dependent Ca 2ϩ channels with no contribution from CICR (6, 40) . Thus depletion of the SR by the Ca 2ϩ pump inhibitors thapsigargin or cyclopiazonic acid or by rendering the SR "leaky" by ryanodine and caffeine did not reduce the amplitude of the depolarization-evoked Ca 2ϩ transients (6) . In contrast to these uniform [Ca 2ϩ ] c increases, the atropine-sensitive (41) changes evoked by the InsP 3 -generating muscarinic agonist CCh (100 M by pressure ejection) did not occur simultaneously at different regions throughout the cell. They began usually in one region of the cell and progressed from it by an active process as a traveling spatial [Ca 2ϩ ] c gradient (i.e. a Ca 2ϩ wave; Fig. 2 ). In support of the active nature of its propagation, the peak [Ca 2ϩ ] c amplitudes and the velocities of movement at and away from the release site (35 Ϯ 6 M s Ϫ1 ; n ϭ 6) were undiminished as the wave progressed.
RESULTS
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Mechanisms of Wave Production-One proposed method of wave propagation is by the sequential activation of RyR by CICR after a small priming InsP 3 -mediated release of Ca 2ϩ (14) . To determine whether this proposal applied to events in this smooth muscle, InsP 3 was photolyzed at a small region within the cell (V M Ϫ70 mV; mean bulk average [Ca 2ϩ ] c , 99 Ϯ 21 nM, n ϭ 7). If RyR were indeed responsible for wave propagation, then [Ca 2ϩ ] c increases in response to photolysis of caged InsP 3 should evoke a propagating wave at RyR by CICR. This was not observed (Fig. 3) . The peak amplitude and velocity of the [Ca 2ϩ ] c movement (n ϭ 5) declined from the release site (measured at 10-m intervals), suggesting that Ca 2ϩ was diffusing rather than being actively propagated from the site of release.
These results brought into question the importance of RyR in InsP 3 -initated Ca 2ϩ wave propagation. However, at normal resting potentials (Ϫ70 mV), bulk average [Ca 2ϩ ] c and hence SR luminal [Ca 2ϩ ] may be low, which may in turn deactivate RyR (33, 42) . To examine further the possible contribution of RyR to wave propagation, RyR were activated, as confirmed by the emergence of STOCs (41), by depolarizing the cell membrane to Ϫ20 mV (bulk [Ca 2ϩ ] c , 276 Ϯ 32 nM, n ϭ 7). STOCs are an electrical manifestation at the sarcolemma of RyR activity (41, 43) . At Ϫ20 mV, at which RyR were active, focal release of InsP 3 did not evoke a propagated [Ca 2ϩ ] wave; peak amplitude and velocity of [Ca 2ϩ ] c movement declined from the release site, again suggesting the involvement of a diffusional rather than an active process ( Fig. 3 ; n ϭ 5). Clearly, wave propagation did not occur by CICR at the RyR alone, despite these receptors having been already implicated in Ca 2ϩ wave progression in other tissues (15) .
One reason for the failure to evoke a propagating Ca 2ϩ wave by the local release of InsP 3 may have been that waves are initiated at a particular site within the cell (44) . To explore this possibility, release was evoked at different sites within the same cell. However, no significant differences in the characteristics of the decline in peak amplitude of [Ca 2ϩ ] c were seen at different sites in the cell (Fig. 4) . These results again suggest that under normal conditions, Ca 2ϩ released at InsP 3 R does not evoke propagating waves by CICR acting at RyR.
Contribution of CCh and InsP 3 to Wave Propagation-Although local photolyzed increases in InsP 3 failed to produce propagated Ca 2ϩ waves, the InsP 3 -producing agonist CCh was always effective. Failure could have been due to the photolyzed increases in InsP 3 being restricted to local areas within the cell, whereas wave generation required a global elevation in either InsP 3 or in other agonist-induced second messengers. The question of whether a localized intracellular increase in InsP 3 can evoke a Ca 2ϩ wave was next addressed by focally releasing InsP 3 in the presence of low concentrations of CCh, which, by themselves, did not evoke Ca 2ϩ release. Low concentrations of CCh were achieved by withdrawing the ejection pipette from the cell, thus increasing the diffusion pathway and effectively reducing the concentration of CCh reaching the cell. Under these circumstances a localized increase in InsP 3 successfully generated a propagating [Ca 2ϩ ] c wave (Fig. 5A ). To confirm the necessity of a global rather than a localized InsP 3 increase in wave propagation, cells were dialyzed with InsP 3 (10 M; introduced via the patch pipette) to provide a global background of increased phosphoinositide. As expected under these conditions subsequent, focally released InsP 3 evoked Ca 2ϩ waves. At the site of photolysis, the peak [Ca 2ϩ ] c increase was greater than that which occurred subsequently during passage of the wave, presumably because of the greater InsP 3 concentration present after photolysis. The [Ca 2ϩ ] c peak and the wave velocity thereafter remained relatively constant throughout the cell (Fig. 5B) .
In addition to InsP 3 , other agonist-activated second messengers, e.g. protein kinase C or diacylglycerol may have been necessary for wave generation (45) . To investigate this possibility, the effect of focally released InsP 3 was examined after protein kinase C activation using indolactam or the diacylglyc- 
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away, and in the same cells in dioctanolglycerol from 2.6 Ϯ 0.5 to 1.3 Ϯ 0.1 F/F 0 (n ϭ 3) 50 m from the release site. Taken together these results show that propagation of the rising phase of the wave (the leading edge) arises from InsP 3 R activity and that a global elevation in InsP 3 is necessary for propagation.
Characteristics of the Declining Phase of the Wave-Waves progress via CICR at InsP 3 R; cessation of this process accounts for their decline. Either of two features of the SR could account for this decline. First, the store may not exhibit luminal continuity (thus preventing free diffusion of Ca 2ϩ throughout) but comprise a series of separate compartments each containing a limited measure of Ca 2ϩ and being depleted in turn as the wave progresses. Alternatively, the store may exist as one continuous compartment containing abundant Ca 2ϩ , with release being terminated by deactivation of the InsP 3 R, either by Ca 2ϩ or InsP 3 itself. To investigate these alternatives, caged InsP 3 was photolyzed first at the same site in same cell on two consecutive occasions and, secondly, at two different sites consecutively in the same cell. In each case, the times separating the first and second photolysis were approximately the same (ϳ12 s). When photolysis was carried out twice at the same site, the second Ca 2ϩ transient was reduced by about 50% overall (but on occasion it reached 80%; Fig. 6 ) compared with the first (Fig.   FIG. 3 
6B, i; 2.8 Ϯ 0.5 F/F 0 after the first photolysis and 1.4 Ϯ 0.7 F/F 0 after the second; n ϭ 6; p Ͻ 0.05). This reduction is likely to have been due to a failure of the store to respond to InsP 3 rather than to an absence of InsP 3 in the region because of exhaustion of the caged compound by previous photolysis. There was a constant supply of InsP 3 from the patch pipette available to the cell, and assuming the diffusion coefficient (D) of caged InsP 3 is similar to that of InsP 3 (estimated as 2 ϫ 10 Ϫ6 m 2 /s), InsP 3 would have diffused the distance (S) of 5 m in a time (t) of 625 ms (from t ϭ S 2 /2D). In support, the time course of fluorescence recovery in the region of photolysis after photobleaching tetramethylrhodamine ethyl ester perchlorate (a fluorophore with similar molecular weight and thus, presumably, with a diffusion coefficient comparable with that of InsP 3 ) occurred within 1 s (770 Ϯ 72 ms; n ϭ 8), which is in keeping with our calculated value. Therefore the time between photolysis (ϳ12 s) would appear adequate to permit the re-establishment of basal conditions. Photolysis at each of the two different sites (Fig. 6B , ii) evoked comparable increases in [Ca 2ϩ ] c (2.5 Ϯ 0.4 F/F 0 at one site and 2.6 Ϯ 0.6 F/F 0 at the other; n ϭ 6; p Ͼ 0.05). Because InsP 3 is rapidly broken down, Ca 2ϩ increases at regions other than the photolysis site (i.e. Fig. 6, regions 2-5 ) are likely to have arisen from a spill-over of Ca 2ϩ released at the photolysis site rather than from the diffusion of InsP 3 away from the photolysis site, i.e. no InsP 3 -mediated Ca 2ϩ release occurred other than at the site of photolysis.
The question then arose as to whether the reduction in Ca 2ϩ release following consecutive photolysis at the same site was due to compartmentalization of the SR, leading to a reduction in Ca 2ϩ available for release, or to an intrinsic feedback deactivation of the InsP 3 R situated on one luminally continuous store. To answer this query, two different methods of releasing Ca 2ϩ from the SR were investigated. In the first, to establish the availability of Ca 2ϩ within the store for release, Ca 2ϩ was liberated via RyR using caffeine (10 mM, i.e. the control). In the second, RyR were again activated by caffeine (10 mM) but only after InsP 3 R had first been stimulated by focal release of InsP 3 . InsP 3 R co-exist with RyR on an SR store in these cells (41, 46) . If the SR was compartmentalized, the expectation would be that caffeine-evoked Ca 2ϩ release would be significantly reduced at the site at which prior focal release of InsP 3 had depleted the store. On the other hand, if the SR were not compartmentalized and Ca 2ϩ within was in free diffusional equilibrium, then the caffeine-evoked Ca 2ϩ release would not be significantly reduced at the site where InsP 3 had been focally released because the region would be replenished by Ca 2ϩ from the remainder of the store. In the event, following 
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focal InsP 3 -evoked Ca 2ϩ release, caffeine remained effective in increasing [Ca 2ϩ ] c at the same site (Fig. 7) , suggesting that the store was not compartmentalized. At the InsP 3 -evoked Ca 2ϩ release site, the mean increase in [Ca 2ϩ ] c evoked by caffeine (control) was 4.1 Ϯ 0.7 F/F 0 (n ϭ 5). Following photolysis of InsP 3 (which increased [Ca 2ϩ ] c to 4.7 Ϯ 0.6 F/F 0 ; n ϭ 5) the test application of caffeine (12 s later) increased [Ca 2ϩ ] c to values (3.7 Ϯ 0.7 F/F 0 ; n ϭ 5) not significantly different from controls (4.1 Ϯ 0.7 F/F 0 ; p Ͼ 0.05). These results suggest that the store retains sufficient Ca 2ϩ for release after focal photolysis of InsP 3 and that the decrease in Ca 2ϩ release with the second photolysis of InsP 3 at the same site is due to an intrinsic feedback deactivation of the InsP 3 R (Fig. 7) . ] is an unlikely explanation because the deactivation was restricted to the site of Ca 2ϩ release (Fig. 6) . In other regions not previously exposed to the phosphoinositide, where the luminal [Ca 2ϩ ] had also presumably been reduced, release was normal (Fig. 6) . In addition, the store retains significant Ca 2ϩ for release after focal photolysis of InsP 3 (Fig. 7) . A persistent elevation in InsP 3 promoted rather than inhibited wave generation (Fig. 5) 3 ]. In the present experiments, the area of photolysis was increased to cover the entire cell. Depolarization (Ϫ70 to ϩ10 mV) activated I Ca and elevated [Ca 2ϩ ] c (Fig 8A) . Following this increase, the rise in [Ca 2ϩ ] c produced by InsP 3 was inhibited ( Fig. 8A; control 1 ] c increase at region 1 (A; where photolysis occurred) was not significantly altered by prior local photolysis of InsP 3 (1, 10-m diameter) at region 1 (B, ii) (position of photolysis is indicated by the bright spot in A; this panel also shows the patch electrode), suggesting that the store retained Ca 2ϩ after release by InsP 3 and in consequence that luminal regulation of the InsP 3 receptor was unlikely to be significant.
Mechanisms Underlying the Feedback Deactivation of the InsP 3 R-Feedback
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Only pulses greater than 1 s had any significant inhibitory effect on the InsP 3 -evoked Ca 2ϩ transients (Fig. 8C) . By increasing the interval between the end of depolarization and photolysis, the time course of recovery of the InsP 3 -evoked response was examined. Indeed, although the inhibition was triggered by an increase in [Ca 2ϩ ] c it persisted long after [Ca 2ϩ ] c had been restored to resting values (Fig. 8D) 
DISCUSSION
Spatial Ca 2ϩ signaling patterns, crucial in establishing the nature of the biological response, occur either by influx of the ion across the sarcolemma or by its release from the SR store. The present study using intact, single, smooth muscle cells with both InsP 3 R and RyR has examined the signaling patterns evoked by Ca 2ϩ influx via voltage-dependent Ca 2ϩ channels and following Ca 2ϩ release by InsP 3 R activity. Sarcolemma depolarization evokes a uniform increase in [Ca 2ϩ ] c throughout the cytoplasm, by influx via voltage-dependent Ca 2ϩ channels with no contribution from the SR (6, 40) . Indeed, the store may attenuate the depolarization-evoked [Ca 2ϩ ] c increase (6) . In contrast to the uniform changes seen with depolarization, agonists that generate InsP 3 produce traveling spatial Ca 2ϩ gradients (Ca 2ϩ waves) in smooth muscle. In many cell types, activation of the InsP 3 second messenger pathway by sarcolemma agonists generates periodic oscillations in [Ca 2ϩ ] c manifested as repetitive propagating waves. These target different cellular functions through both frequency-and amplitude-modulated mechanisms (1 Other investigations suggest that wave progression does not rely exclusively on InsP 3 R activity and that RyR may also contribute (e.g. [15] [16] [17] . For example, both InsP 3 R and RyR may co-operate to produce waves in pancreatic acinar cells and atrial myocytes (47, 48) . The present study found that RyR played no detectable role in InsP 3 -mediated wave propagation even when the activity of RyR was confirmed by the development of STOCs (see also Refs. (25) (26) (27) (28) . In the present study, InsP 3 -mediated release of Ca 2ϩ from one small restricted region of the SR rendered that region alone refractory to InsP 3 . In neighboring regions not exposed previously to InsP 3 , Ca 2ϩ release by the phosphoinositide was normal. Thus at first sight the SR appears to be compartmentalized. However, the compartmentalization was functional rather than structural and did not arise because the store was composed of a series of separate subunits each capable of being independently depleted of Ca 2ϩ . RyR activation by caffeine remained effective in releasing Ca 2ϩ from precisely the same site that had seen prior InsP 3 
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phenomenon, being independent of the duration of exposure to high Ca 2ϩ in permeablized vascular smooth muscle (55) or with t1 ⁄2 of 50 ms in rat permeabilized hepatocytes (56) . The Ca 2ϩ -dependent inhibition in the present study was much slower in onset, requiring depolarization pulses greater than 1 s to induce significant inhibition. The deactivation persisted, furthermore, for tens of seconds, whereas the recovery period as indicated from steady-state studies was considerably less (e.g. t1 ⁄2 , 400 ms (56) (58) .
The present findings contribute to our understanding of the ways in which complex signaling patterns are generated and inter-related to cellular Ca 2ϩ levels. They demonstrate that different types of cell activation in smooth muscle evoke different Ca 2ϩ signaling patterns. Depolarization generates uniform increases in [Ca 2ϩ ] c via Ca 2ϩ entry across the sarcolemma. Agonists that stimulate the formation of InsP 3 produce propagating spatial gradients of Ca 2ϩ , i.e. Ca 2ϩ waves. The wave upstroke occurs by CICR acting on the InsP 3 R, whereas a delayed but thereafter persistent Ca 2ϩ -dependent feedback deactivation of this receptor accounts for the decline of the wave and prevents uncontrolled positive feedback of release by Ca 2ϩ . Deactivation of the InsP 3 R, as presently proposed, could contribute to the time interval between waves. Modulation of the time course of recovery from this deactivation could account, at least in part, for the ability of agonists to modulate wave frequency. The properties of the InsP 3 R alone may well be sufficient to account for wave generation.
